We investigated the effects of a range of constant temperatures (13.3-32.5°C) on the development of all stages of Helicoverpa armigera (Kumamoto population) reared on tomato. The duration of the different life history stages decreased as temperature increased from 13.3°C to 32.5°C. A developmental threshold of 10.5°C, 11.3°C and 13.8°C was estimated for the eggs, larvae and pupal stages, respectively. A thermal constant of 51 degree-days above a threshold of 10.5°C was required for the development of the eggs. The larval stage required 215.1 degree-days and the pupal stage 151.8 degree-days above 11.3°C and 13.8°C developmental thresholds, respectively. Results from these studies may provide information important for predicting the field population phenology of H. armigera in Kumamoto Prefecture.
INTRODUCTION
Helicoverpa armigera (Hübner) is a major insect pest of both field and horticultural crops in many parts of the world (Zalucki et al., 1986 (Zalucki et al., , 1994 Fitt, 1989) . The species is becoming increasingly important as a major pest of many agricultural crops in Japan (Yoshimatsu, 1995; Hamamura, 1998) . Knowledge of developmental times of the life history stages of H. armigera is an important prerequisite to an understanding of the population dynamics of this pest in the field. The thermal requirements (degree-days) of development are often used for estimating developmental times because temperature has a major effect in determining the rate at which insects develop (Howe, 1967; Zaslavski, 1988) .
Earlier studies investigated the effects of constant temperatures (15-30°C) on the rate of development of the life history stages of Japanese strains of H. armigera (Okayama population) reared on artificial diet (Qureshi et al., 1999) . Developmental thresholds of 10.8°C, 13.6°C and 14.6°C, and thermal constants of 45.5, 200 and 142.9 degree-days were estimated for the eggs, larvae, and pupae, respectively. However, direct extrapolation of these results to the field may be complicated by the use of artificial diet for rearing instead of host plant material. Development of H. armigera tends to be faster on artificial diet than on most host plants (Pretorius, 1976; Fenemore and Thanee, 1990) . Similar results have been reported for Japanese H. armigera (Casimero et al., 2000; Jallow et al., 2001) . Another source of developmental variation in H. armigera is variation in host plants used as food, either in terms of defensive chemistry and/or nutritional value (see Scriber and Slansky, 1981) . Improvement in the local predictability of population phenology, therefore, requires measurement of life histories of local populations of H. armigera feeding on their major host plant(s).
Greenhouse evidence demonstrated tomato as a preferred host for H. armigera (Kumamoto population) oviposition, and neonate survival, growth and development to be moderate on this host species (Jallow et al., 2001) . These findings are consistent with those reported in the field (Furuie, personal communication). Therefore, the objectives of this study were to provide essential basic information on developmental threshold temperatures and heat unit requirements (degree-days) for the develop-Influence of temperature on the rate of development of Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) ment of the life history stages in the Kumamoto population of H. armigera reared on tomato.
MATERIALS AND METHODS
Adult moths emerging from field-collected larvae from different host plants (including tomato) in Kumamoto Prefecture (32.4°N; 130.42°E) were used in our study. Eggs laid over a 2 h period on tomato terminals were held in environmental-controlled growth chambers in the laboratory at a range of constant temperatures (13.3, 16.4, 20, 22.5, 25, 27.9, 30 .5 and 32.5°C) and a photoperiod of 12L : 12D. The insects were reared under shortday (12L : 12D) conditions to mimic those observed early to late autumn in Kumamoto Prefecture when local populations of H. armigera are most abundant. The eggs were observed every 12 h and days to larval emergence recorded. Newly emerged larvae (ca. 150 from each experimental temperature) were transferred individually into 28 ml clear plastic cups containing tomato terminals; older larvae were fed flowers and fruits. Fresh food material was provided as required, and larvae were observed daily through pupation and adult emergence. Larval period (days from first instar to pupation) and pupal period (days from pupation to adult emergence) were recorded. Only individuals that survived to the adult stage were included in our analysis.
RESULTS AND DISCUSSION
The duration of the life history stages decreased as temperature increased from 13.3°C to 32.5°C (Table 1 ). The duration of the egg stage ranged from 14.1Ϯ1.09 days at 13.3°C to 2.5Ϯ0.09 days at 32.5°C. Similarly, the duration of the larval stage ranged from 59.1Ϯ4.69 days at 13.3°C to 10.9Ϯ 0.14 days at 32.5°C. Pupae exposed to 13.3°C entered diapause, and were therefore not included in our analysis. The duration of non-diapause pupae ranged from 43.0Ϯ2.14 days at 16.4°C to 9.0Ϯ 0.12 days at 32.5°C (Table 1) . Pupae were classified as having entered diapause if adult emergence was delayed beyond 70 days at 13.3°C, and by the retention of the pigmented eye spot (Cullen and Browning, 1978) .
Rate of development of the different life history stages in relation to temperature is expressed by the linear regression equation (yϭaϩbx), where (y) is the reciprocal of the number of days and (x) temperature (°C) (Patel and Schuster, 1983) (Fig. 1) . The rate of development at 32.5°C deviated from linearity, so data for this temperature were not included in our analysis. The linear regression equations yϭϪ0.21ϩ0.02x (r 2 ϭ0.96), yϭϪ0.045ϩ 0.004x (r 2 ϭ0.98), and yϭϪ0.083ϩ0.006x (r 2 ϭ 0.98) were calculated for the egg, larval and pupal stages, respectively. From these equations, a lower developmental threshold of 10.5°C was estimated for the eggs, 11.3°C for the larvae and 13.8°C for (Table 1) . The estimated lower developmental threshold temperatures recorded in our study differ slightly from those estimated for H. armigera fed artificial diet (Qureshi et al., 1999) . These differences are probably mostly due to differences in food materials insects consumed, rather than differences in developmental thresholds between geographic populations of H. armigera from Okayama (34.6°N, Qureshi et al., 1999) and Kumamoto (32.4°N, this study). Development rates obtained for larvae reared on artificial diet may not be a good estimate in predicting developmental times of populations feeding on different host plants in the field. A major area requiring careful experimentation is determination of the effects of various host plants and temperatures on H. armigera development. This will be investigated in a separate study. 
